BACKGROUND: To better understand the differences between in vivo (IVO) and in vitro (IVM) matured oocytes, we studied the chronological changes in cortical granule (CG) distribution and nuclear progression during maturation, and the competence of CG release and embryo development of mouse oocytes matured under different conditions. METHODS: Oocytes matured in vivo or in different culture media were used and CG distribution and release were assessed by fluorescein isothiocyanate-labelled Lens culinaris agglutinin and laser confocal microscopy. RESULTS: Tempos of nuclear maturation and CG redistribution were slower, and competence for CG exocytosis, cleavage and blastulation were lower in the IVM oocytes than in the IVO oocytes. These parameters also differed among oocytes matured in different culture media. Hypoxanthine (HX, 4 mM) blocked germinal vesicle breakdown (GVBD), postponed CG migration and prevented CG-free domain (CGFD) formation. Cycloheximide (CHX) facilitated both GVBD and CG migration, but inhibited CGFD formation. The presence of serum in maturation media enhanced CG release after aging or activation of oocytes. Maintenance of germinal vesicle intact for some time by a trace amount (0.18 mM) of HX was beneficial to oocyte cytoplasmic maturation. CONCLUSION: CGs behaved differently in mouse oocytes matured under different conditions, and cytoplasmic maturity was not fully achieved in the IVM oocytes.
Introduction
Studies have demonstrated that the developmental capacity of in vivo matured (IVO) oocytes is superior to that of the in vitro matured (IVM) (Sirard and Blondin, 1996; Mermillod et al., 1999) . It is known that oocytes need to undergo cytoplasmic maturation as well as nuclear maturation to become able to support successful fertilization and embryo development (Hyttel et al., 1997; Mermillod et al., 1999; Trounson et al., 2001) . In vivo, oocytes acquire cytoplasmic maturity after a long series of preparatory processes involving transcription and subsequent translation of transcripts during the meiotic prophase (Gosden et al., 1997; Hyttel et al., 1997) . In vitro, however, a premature meiotic resumption without adequate cytoplasmic maturation is induced by transfer of oocytes from follicles into a suitable culture medium. From a practical point of view, constructive efforts to optimize clinical and agricultural IVM will require evidence of successful embryonic development and identification of oocyte markers that predict successful nuclear and cytoplasmic maturation. Sanfins et al. (2003 Sanfins et al. ( , 2004 found dramatic differences in meiotic spindle assembly and organization between IVO and IVM mouse oocytes. However, the distinguishing features of IVO oocytes that confer greater developmental potential remain obscure (De Rycke et al., 2002) .
Changes in the distribution of cortical granules (CGs) during oocyte maturation could be used as an important criterion to evaluate cytoplasmic maturation (Damiani et al., 1996; Miyara et al., 2003) . Oocyte CGs are membrane-bound secretory vesicles that originate from the Golgi apparatus at the onset of follicular growth, and migrate to the cortex and form a continuous layer under the oolemma during oocyte growth and maturation (Zamboni, 1970; Hoodbhoy and Talbot, 1994; . The CGs in the egg cortex undergo exocytosis in response to elevated cytoplasmic calcium upon fertilization (Schuel, 1985) and their contents are released into the perivitelline space.
The contents of CGs appear to modify the zona pellucida, giving rise to the zona block to polyspermy (Gwatkin, 1977; Yanagimachi, 1994) . Using Lens culinaris agglutinin (LCA) as a molecular probe, Ducibella and various colleagues analysed the detailed distribution of CGs in mouse oocytes during meiotic maturation (Ducibella et al., 1988a (Ducibella et al., , 1990a , fertilization (Ducibella et al., 1988a (Ducibella et al., , 1990b (Ducibella et al., , 1993 and activation (Ducibella et al., 1990a (Ducibella et al., ,b, 1993 . They found that CGs underwent a substantial change in distribution in the mouse oocyte cortex during meiotic maturation, and that the mouse egg completed the development of its ability to undergo exocytosis upon activation just before ovulation.
Although these studies provided important evidence for understanding the characteristics of CGs in mouse oocytes, CG changes during IVO and IVM were studied separately. Systematic comparative studies on CG changes during IVO and IVM, which would be more helpful to the identification of oocyte markers for full cytoplasmic maturation, are lacking. Furthermore, different media including Eagle's Minimum Essential Medium (MEM, van de Sandt et al., 1990; Sanfins et al., 2003 Sanfins et al., , 2004 , Waymouth medium (van de Sandt et al., 1990) and TCM-199 (Chin and Chye, 2004; Miao et al., 2004 Miao et al., , 2005 have been used for mouse oocyte maturation and found to significantly affect subsequent embryonic development (van de Sandt et al., 1990) , but their effects on the behaviour of CGs have yet to be compared.
Migration of CGs to the cortex is a continuous and germinal vesicle breakdown (GVBD)-independent process in the mouse oocytes Liu et al., 2003) , unlike that in porcine (Cran and Cheng, 1985; Sun et al., 2001 ) and sea urchin oocytes (Berg and Wessel, 1997; Wessel et al., 2002) , which is GVBD-dependent, occurring only in the preovulatory period or immediately after GVBD. However, as the germinal vesicle breaks down, the mouse CGs undergo significant changes in their cortical location, leading to the formation of a large CG-free domain (CGFD) around the metaphase I (MI) spindle (Ducibella et al., 1990a,b; Liu et al. 2003) .
Investigations are needed to provide further evidence for the roles of chromosomes and CG redistribution in the formation of CGFD (Ducibella et al., 1990a; Deng et al., 2003; Liu et al., 2003) . Studies suggested that hypoxanthine (HX) maintained meiotic arrest-most likely through suppression of cAMP degradation by the phosphodiesterase (Downs et al., 1989 )-while cycloheximide (CHX) did so by inhibiting the synthesis of proteins essential for meiotic resumption (Sirard et al., 1998) . Although HX and CHX are widely used in inhibiting meiotic resumption of oocytes, their effects on CG redistribution have not yet been studied.
In this study, chronological changes in CG distribution and nuclear progression during maturation and the competence of CG release and embryo development after activation were compared among mouse oocytes that had been matured under different conditions to search for the distinguishing features of IVO oocytes that confer greater developmental potential. In addition, the relationship between meiotic progression and timing of CG redistribution was analysed. The effects of HX and CHX on nuclear maturation and CG redistribution were investigated to determine the effect of GVBD on CG migration and to study the roles of chromosomes and CG redistribution in the formation of CGFD in mouse oocytes.
Materials and methods

Animals, superovulation and oocyte recovery
Procedures for animal handling, superovulation and oocyte collection were as described previously (Miao et al., 2004) with minor modifications. Briefly, mice of the Kun-ming breed, originally derived from ICR (CD-1), were kept in a room with 14 h/10 h light-dark cycles, the dark starting from 8 pm. Female mice, 6-8 weeks after birth, were induced to superovulate with pregnant mare serum gonadotropin (PMSG; 10 IU, i.p.) followed 48 h later by HCG (10 IU, i.p.).
Timing for oocyte collection and treatments in different experiments is shown in Table I . To obtain IVM oocytes, female mice were killed at 46 h after PMSG administration, and the large follicles on the ovary were ruptured in M2 medium (Hogan et al., 1986) for cumulusoocyte complexes (COCs). Oocytes >70 μm in diameter with a homogenous cytoplasm and >3 layers of cumulus cells were selected and cultured for different times (Table 1) in groups of ∼20 in 80 μl microdrops of maturation media, covered with mineral oil, at 37.5ºC in a humidified atmosphere of 5% CO 2 in air. The maturation media were TCM-199 (Gibco, Grand Island, New York, USA) containing 10 IU/ml PMSG (Tianjin Laboratory Animal Centre, Tianjin, China) supplemented with either 4 mg/ml bovine serum albumin (BSA, Sigma Chemical Co., St. Louis, MO, USA) (MB medium), or 10% fetal calf serum (FCS, Gibco) (MF medium), or Waymouth medium (Gibco) containing 10 IU/ml PMSG and 10% FCS (WF medium).
To obtain IVO oocytes, the superovulated mice were killed at different times (Table 1) after HCG injection and the mature follicles on the ovary or the oviductal ampullae were ruptured in M2 for the cumulus-expanded COCs.
After dispersal and washing three times in M2 medium, the COCs from both IVO and IVM were denuded of cumulus cells by pipetting in M2 containing 0.1% hyaluronidase (Sigma). Maturation  IVO  EX  EX  EX  EX  EX  IVM  EX  EX  EX  EX  EX  Aging  IVO  EX  IVM  EX  IVOF  IVO  FM  EX  IVTF  IVO  INS  EX  IVM  INS  EX  Activation  IVO  AA  EX  IVM AA EX
Fertilization and artificial activation of oocytes
In vivo fertilization Some of the females receiving HCG after PMSG were placed with males overnight and examined for the presence of vaginal plugs 15 h later. Females with vaginal plugs were killed at 18 h post HCG and the oviductal ampulae were broken to release fertilized eggs (Table I) . Cumulus cells surrounding the fertilized eggs, if any, were removed with 0.1% hyaluronidase in M2 and washed in M2 before processing for CG staining.
In vitro fertilization
Sperm were collected from the cauda epididymis of fertile male mice in T6 medium (Quinn et al., 1982) supplemented with 10 mg/ml BSA, and capacitated in the same medium under mineral oil at 37ºC for 1.5 h. Oocytes collected at 12 h after HCG injection or 14 h of IVM (Table l, Miao et al., 2004) were washed in the fertilization medium (T6 containing 20 mg/ml BSA) and were placed in fertilization drops (20 oocytes per 40 μl drop). Capacitated sperm were added to the fertilization drops to give a final sperm concentration of about 1 × 10 6
. After 6 h of incubation, the presumed fertilized oocytes were denuded of cumulus cells by pipetting in M2 containing 0.1% hyaluronidase and processed for CG staining.
Artificial activation
Oocytes collected 18 h post HCG or 20 h of IVM were used (Table I) . For electrical activation, oocytes were allowed to equilibrate in the pulsing medium (0.3 M mannitol containing 0.05 mM CaCl 2 and 0.1 mM MgSO 4 ) before being placed between two copper ribbon electrodes overlaid with pulsing medium. Oocytes were pulsed by a single pulse of 1.0 kV/cm for 160 μs using an electrofusion apparatus (Model KeFa 450, Institute of Devel Biol, China Academy of Sciences, Beijing, China). For ethanol activation, oocytes were treated in 7% ethanol in M2 for 5 min. After activation treatment, oocytes were incubated for 30 min in CZB medium (Chatot et al., 1989) at 37ºC. At the end of incubation, some oocytes were processed for CG staining (Table I ) and others were cultured for 6 h in CZB containing 2 mM 6-dimethylaminopurine (6-DMAP) for assessment of activation and embryo development. 6-DMAP was used because our preliminary experiments showed that it accelerated the formation of pronuclei in the IVM oocytes as reported previously (Szollosi et al., 19939; Lan et al., 2004) .
At the end of the 6-DMAP treatment, oocytes were observed under a microscope for activation. Only those oocytes with one (1PN) or two pronuclei (2PN), or two cells each having a nucleus (2-cell) were considered activated. Activated oocytes were cultured for 4 days in the regular CZB medium without 6-DMAP at 37.5ºC under a humidified atmosphere of 5% CO 2 in air. Glucose (5.5 mM) was added to CZB when embryos were cultured beyond the 3-or 4-cell stages.
Staining of CGs and confocal microscopy
All procedures were conducted at room temperature unless otherwise specified. Oocytes (also fertilized eggs) were incubated at 37ºC in 0.5% pronase (Roche Diagnostics GmbH, Mannheim, Germany; Roche Diagnostic Corporation, Indianapolis IN, USA) in M2 for 3-5 min to remove the zona pellucida (ZP). Oocytes were fixed with 3.7% paraformaldehyde in M2, pH 7.4 for 30 min. After washing three times in blocking solution (M2 with 0.3% BSA and 100 mM glycine), oocytes were permeabilized with 0.1% Triton X-100 in M2 for 5 min. After washing twice in blocking solution, oocytes were incubated in M2 containing 100 μg/ml fluorescein isothiocyanate-lens culinaris agglutinin (FITC-LCA, Sigma) for 30 min. Oocytes were then washed three times (5 min each) in M2 containing 0.3% BSA and 0.01% Triton X-100 and stained with 10 μg/ml propidium iodine (PI, Sigma) for 10 min to visualize chromosomes.
After extensive washing in M2, oocytes were mounted on a slide with minimal compression and observed using a Leica laser scanning confocal system (TCS SP2). The FITC and PI fluorescence was obtained by excitation with 488 nm line of an Ar/ArHr laser and the emitted light was passed through a 488 nm filter. A single equatorial section passing through the chromosomes was taken from each oocyte. The FITC-labelled CGs and the PI-labelled chromatin were pseudo-coloured green and red, respectively, and the two images were digitally recombined into a single composite image using the Leica confocal software.
Assay for zona pellucida hardening
The assay for ZP hardening was performed as described by Gulyas and Yuan (1985) and Xu et al. (1997) with minor modifications. Briefly, 20 cumulus-free oocytes were treated with 1 μg/ml α-chymotrypsin (type II, 40-60U/mg protein; Sigma C-4129) contained in a 100 μl drop of PBS covered with mineral oil at 30ºC. Oocytes were monitored every 2 min during the first 30 min of the treatment and then every 5 min until the end of the treatment (3 h). The time at which 75% of the ZP underwent a complete dissolution (with denuded oocytes stuck on the bottom of the dish) was assessed as t 75 for ZP dissolution.
Data analysis
For each treatment, at least four replicates were run. Statistical analyses were carried out by ANOVA (analysis of variance) using SPSS (Statistics Package for Social Science) software. Percentage data were subjected to arc-sine transformation prior to ANOVA. Differences between treatment groups were evaluated with the Duncan multiple comparison test. Data are expressed as mean ± SE and P < 0.05 is considered significant.
Results
Meiotic progression of mouse oocytes during IVO and IVM
The IVO and IVM mouse oocytes were recovered at 0 (46 h post PMSG), 3, 7, 11 and 15 h after HCG injection or in vitro culture, respectively (Table I) . Oocytes were classified, under a confocal microscope, as germinal vesicle (GV, Fig. 1A and B), pro-metaphase I (pMI, Fig. 1C ), metaphase I (MI, Fig. 1D and E), anaphase I (AnI), telophase I (TelI, Fig. 1F ) and metaphase II (MII, Fig. 1G ) stages. All the oocytes were at GV stage at 0 h post HCG ( Fig. 2A) . By 3 h of maturation, while more than half oocytes reached pMI or MI stage in vivo and in the MB medium, most (64.3%) cultured in the WF medium still had intact GV. Significantly more (72%) oocytes underwent GVBD in the MF medium than in other media ( Fig. 2A) . By 7 h, >90% oocytes entered MI or AnI in all the four maturation groups. By 11 h of maturation, 83, 86 and 64% of the oocytes in the in vivo, WF and MF groups, respectively, extruded first polar bodies, whereas only 7% of the MB group oocytes did so. More than 94% of the oocytes in all the four treatments had entered MII stage by 15 h of maturation ( Fig. 2A) . This indicated that the timing of nuclear maturation differed between IVO and IVM oocytes, and that oocytes cultured in WF were closer to the IVO oocytes in meiotic progression than oocytes cultured in MB or MF.
Changes in the distribution of CGs during oocyte IVO and IVM
Six stages of CG distribution were recognized with confocal microscopy during mouse oocyte maturation. At stage I, CGs were found throughout the oocyte cytoplasm including the cortex (Fig. 1A ), but by stage II, almost all the CGs were located in the cortex with few observed in the inner cytoplasm ( Fig. 1B and C) . At stage III, the number of CGs in the cortex decreased in the vicinity of the MI spindle, preluding the formation of the first CGFD (Fig, 1D) , and by stage IV the first CGFD was well formed over the spindle (Fig, 1E) . At stage V, as the first polar body started to extrude, CGs became concentrated around the cleavage furrow, with a reduced number of CGs in other parts of the cortex as well as the disappearance of the first CGFD (Fig, 1F) . As the oocytes matured into MII, CGs remaining near the spindle became redistributed toward the equator of the oocytes, creating a large second CGFD (stage VI, Fig, 1G ).
Most (81%) of the oocytes collected at 0 h post HCG were at stage I of CG distribution, with the rest reaching stage II (Fig, 2B) . By 3 h of maturation, while 73-75% of oocytes matured in vivo or in MB and WF entered stage II, Figure 1 . Laser scanning confocal microscopic images (equatorial sections) of CGs (green) and chromatin (red) in mouse oocytes at different stages of maturation, aging or activation. A and B are oocytes at the GV stage with stages I and II of CG distribution, respectively. C is an oocyte of pro-metaphase I (pMI) nuclear state with a stage II CG distribution. D and E are oocytes at the metaphase I (MI) nuclear stage with stages III and IV of CG distribution, respectively. F is an oocyte at telophase I (TelI) with a stage V CG distribution. G is a MII oocyte with a stage VI CG distribution. H is an oocyte collected 3 h after CHX culture, with discernable chromosomes and a stage II CG distribution. I and J are oocytes observed 7 and 15 h after CHX culture, with inosculated chromosomes and stages III and II of CG distribution, respectively. K and L are aged MII oocytes observed 18 or 20 h after HCG injection or onset of in vitro (IVM) matured oocyte culture, with no (NCE) and partial CG exocytosis (PCE), respectively. M, N and O are artificially activated oocytes at anaphase II nuclear stage with NCE, PCE and full CG exocytosis (FCE), respectively. P is a fertilized oocyte with FCE and a decondensing sperm head (arrow). significantly more (90%) cultured in MF completed CG migration to the cortex. At 7 h, while most of the IVM oocytes were still in stage II (the MB group) or stage III (the MF and WF groups), 60% of the IVO oocytes already showed a well-formed CGFD (stage IV). By 11 h of maturation, while 83% of the IVO oocytes and 68% of those cultured in WF formed the second CGFD (stage VI), significantly less in the MB (10%) and MF (44%) groups reached the same status of CG distribution. By 15 h of maturation, >90% of the oocytes in all the four groups were at stage VI of CG distribution (Fig. 2B) . Together, these results suggested that although oocytes underwent similar changes of CG distribution during IVO and IVM, the tempo of changes was much slower in the IVM oocytes than that of the IVO oocytes. The rank order of the four treatments in the tempo of CG redistribution was as follows: in vivo; WF; MF; and MB.
Analysis of the relationship between meiotic progression and timing of CG redistribution
Comparison of Fig. 2A and B revealed that, while 28-64% of the oocytes were at the GV stage at 3 h of maturation, only 10-27% of them remained at stage I of CG distribution by this time. This meant that from 0 to 3 h of maturation, around half of the GV stage oocytes underwent CG cortical localization without GVBD. In addition, while >90% of the oocytes in all the four groups entered the MI nuclear stage at 7 h of maturation, far fewer (2-4% in the in vitro groups and <60% in the in vivo group) had completed the formation of the first CGFD by this time. This suggested that the MI chromosomes might have induced the formation of the first CGFD.
To further analyse the relationship between meiotic progression and timing of CG redistribution, we computed the average time each stage of nuclear progression or CG redistribution lasted during IVO and IVM, using a method reported by Sirard et al. (1989) . The computation (Fig. 3) showed:
(i) during both IVO and IVM in the MB medium, the GV stage lasted ∼1 h longer than the stage I of CG distribution, emphasizing that some oocytes underwent CG migration with GV intact;
(ii) the MI stage began 1 h earlier than the initiation of the CGFD formation (stage III) during both IVO and IVM, indicating a possible induction of CGFD by the MI chromosomes;
(iii) most events lasted markedly longer during IVM than during IVO, leading to a general slowness of both nuclear progression and CG redistribution during IVM. However, the first CGFD (stage IV) persisted significantly shorter in the IVM oocytes than in the IVO ones.
Effects of hypoxanthine and cycloheximide on CG redistribution during oocyte maturation
Although around half of the GV oocytes underwent CG migration without GVBD as mentioned earlier, still half of them did not. To see whether the migration of CGs in these oocytes was GVBD-dependent or time-related, we examined CG migration after GVBD was blocked with HX. When oocytes recovered at 46 h post PMSG injection were cultured in TCM-199 supplemented with 4 mM HX and 4 mg/ml BSA (the MHX medium), 100% (n = 57) of them were blocked at the GV stage up to 15 h of culture. At 3 h of HX culture, the number of oocytes with stage I CG distribution was similar to that of the freshly isolated control oocytes, but it was significantly higher than that of oocytes cultured in the MB medium (Table II) . While all the oocytes cultured in MB had completed CG corticalization before 7 h of culture, >30% of the HX treated oocytes were still at stage I of CG distribution by 15 h of culture. No CGFD was observed in the HX blocked oocytes up to 15 h of culture. This indicated that although the cortical localization of CGs continued without GVBD, HX block of GVBD postponed CG migration and prevented the formation of CGFD.
To confirm the role of chromosomes in CG redistribution, we blocked mouse oocytes with CHX. When cultured in TCM-199 supplemented with 10 μg/ml CHX and 4 mg/ml BSA (MCHX medium), all the oocytes (n = 43) underwent GVBD at 3 h of culture, although > 45% (n = 62) of the oocytes cultured in MB had intact GV at this time. Among the GVBD oocytes after CHX treatment, 58% (n = 43) had discernable chromosomes (Fig. 1H) and 42% with chromosomes inosculated into a single condensed mass (Fig. 1I and J) . By 7 h of culture, 98% (n = 50) of the oocytes had inosculated chromosomes and, by 15 h, chromosomes became inosculated in all the oocytes (n = 45). In addition, the chromosomes were found to move away from the cortex with time after CHX treatment and while 63% of the oocytes (n = 43) had chromosomes in the cortex at 3 h of culture, 80% (n=50) had chromosomes in the inner cytoplasm at 7 h, and almost all (97%, n = 46) had chromosomes in the central cytoplasm by 11 h of culture. The CHX-treated oocytes also showed a fast CG migration to the cortex and, by 3 h of culture, 98% of them had already completed CG migration to the cortex (Table II) . However, very few (2-4%) oocytes showed signs of CGFD formation (stage III) up to 15 h of CHX treatment. This suggested that CHX facilitated both GVBD and CG migration but that it inhibited the formation of CGFD.
Exocytosis of CGs in IVO and IVM oocytes after aging, sperm penetration or artificial activation
A schedule for the collection of different types of oocytes for aging, in vivo and in vitro fertilization and artificial activation can be found in Table I . Exocytosis of CGs were recorded only when the artificially activated oocytes were found at AnII or TelII and when the fertilized eggs were with a second polar body and more than two pronuclei or a decondensing sperm head.
Three types of CG exocytosis were observed: (i) no (NCE; Fig. 1K and M); (ii) partial (PCE; Fig. 1L and N) ; and (iii) full CG exocytosis (FCE; Fig. 1O and P). Only those oocytes that showed an apparent CG disappearance from most part of the cortex were considered to be undergoing PCE; they were easily distinguished from the oocytes with NCE and FCE under the confocal microscope. Exocytosis of CGs in IVO and IVM oocytes after aging, sperm penetration or artificial activation is presented in Table III . No FCE was observed in aged oocytes.
Oocytes matured under different conditions displayed different degrees of PCE during aging. While only ∼5% of the IVO oocytes and oocytes matured in MB underwent PCE, ∼30% of the oocytes matured in MF and WF released some CGs. Complete CG release was observed in 100% of the in vivo and 93-98% of the in vitro fertilized eggs.
After ethanol activation, significantly more oocytes matured in vivo and in WF underwent FCE than oocytes matured in MF and MB, and significantly more oocytes underwent FCE after maturation in MF than in MB. After electrical stimulation, the percentage of IVO oocytes undergoing FCE was significantly (C and D) . The calculation was performed according to Sirard et al. (1989) and was based on data collected at 0, 3, 5, 7, 9, 11, 13 and 15 h after HCG injection or in vitro culture. To further substantiate the microscopic evaluation of CG exocytosis, an assay for ZP hardening was conducted. The result showed that the time for chymotrypsin-mediated dissolution of the ZP (t 75 ) increased significantly during aging after maturation of the oocytes that had been matured in vivo and in MF or WF (Fig. 4) . Oocytes that had been matured in MB, however, showed a long t 75 (as long as that in the fertilized eggs) since the onset of the aging process.
In vivo
These results suggested that: (i) oocytes matured under different conditions showed different capability of CG exocytosis upon activation, with oocytes matured in vivo > in WF > in MF > in MB;
(ii) different methods of activation were different in the efficiency of inducing CG exocytosis, with in vivo fertilization > in vitro fertilization > pulsing > ethanol; (iii) oocytes matured in the presence of serum showed a higher capability of CG release than those matured in its absence;
(iv) percentages of nuclear activated oocytes were directly proportional to the percentages of oocytes undergoing FCE; (v) oocytes matured in the absence of serum showed a much more severe and much earlier ZP hardening in comparison with their counterparts matured in vivo or in the presence of serum.
Activation and development of mouse oocytes matured under different conditions
Since oocytes matured under different conditions showed markedly different patterns of nuclear progression, CG redistribution and exocytosis upon activation, we studied activation and development of mouse oocytes matured under different conditions. In vivo matured oocytes collected 18 h post HCG and oocytes matured in MF and WF for 20 h were pulsed Table II . Effects of hypoxanthine (HX) and cycloheximide (CHX) on CG redistribution during oocyte maturation a-e : values without common letters in the superscripts in the same column differ (P < 0.05). (Table I ) and the activated oocytes were cultured in CZB for development. The ovulated oocytes produced significantly higher rates of activation, cleavage and blastocysts than the IVM oocytes (Table IV) . While activation and cleavage rates were not different significantly between oocytes matured in MF and WF, oocytes matured in WF showed a significantly higher rate of blastocysts than oocytes matured in MF. This indicated that the WF medium was superior to the MF medium for mouse oocyte maturation, although both were supplemented with FCS.
Addition of trace amount of HX to the culture medium improved oocyte maturation and development
To find out why the WF medium was superior to the MF medium for mouse oocyte maturation, we studied the composition of the Waymouth and TCM-199 media given in the Gibco catalogue and found that the content of HX in the Waymouth medium (29 mg/l) was >70 times as much as that in TCM-199 (0.4 mg/l). We then added 28.6 mg/l HX to the TCM-199 medium to make a MFHX medium. When mouse oocytes were matured in the MFHX medium, 59% (n = 63) were at the GV stage and 72% (n = 63) were with a stage II CG distribution at 3 h of culture. By 7 h of culture, 90% (n = 52) of the oocytes reached the MI nuclear stage and 50% (n = 52) had a stage III CG distribution. At 11 and 15 h of culture, 84% (n = 55) and 94% (n = 62) of the oocytes entered MII, and 71 and 92% were with a stage VI CG distribution, respectively. When oocytes that had been matured in MFHX were in vitro aged, 27% (n = 62) underwent PCE. When they were activated with IVF (n = 63), ethanol (n = 64) or pulsing (n = 59), 94, 55 and 76% underwent FCE, respectively. All the values above were not different significantly from those of oocytes cultured in the WF medium. When oocytes matured in MFHX were pulse-activated (n = 82), their rates of activation (68.4%), cleavage (74.3%) and blastocysts (26.1%) were all similar to those of oocytes matured in the WF medium (P > 0.05).
Discussion
Given the apparent differences in developmental potential exhibited by IVO and IVM oocytes in various mammals (Sirard and Blondin, 1996; Mermillod et al., 1999) and the role of CGs in the prevention of polyspermy (Gwatkin, 1977; Yanagimachi, 1994) , it is important to know whether conditions of meiotic maturation influence the redistribution and exocytosis of CGs in mouse oocytes. Although several authors have investigated CG redistribution during mouse oocyte maturation (Ducibella et al., 1988a; 1990a) , CG changes during IVO and IVM were studied separately in these papers.
Our data have revealed several important differences between mouse oocytes that have been matured in vivo or matured in vitro. First, timing of both nuclear maturation and CG redistribution differed among these oocyte populations. Secondly, oocytes matured in vivo showed a higher capability of CG release upon activation than oocytes matured in vitro. Thirdly, the ovulated oocytes produced significantly higher rates of activation, cleavage and blastocysts than the IVM oocytes. In addition, timing of nuclear maturation and CG redistribution and the competence of CG exocytosis, activation and embryo development also differed among oocytes matured in vitro in different media, with oocytes matured in WF closer to the IVO oocytes.
When a small amount of HX was added to the MF medium, however, nuclear maturation, CG redistribution, activation and development of oocytes were much improved. This suggested that it is possible to improve the quality of IVM oocytes by mimicking the in vivo conditions. Sanfins et al. (2004) found that a G2/M delay occurred in the IVO mouse oocytes with persistence of cytoplasmic microtubules, nuclear lamina and Figure 4 . Chymotrypsin digestion times of ZP (t 75 is the time at which 75% of the ZP per group were completely digested) after 0 or 6 h of aging of mouse oocytes matured under different conditions. IVOF = in vivo fertilized eggs. Means with different letters indicate statistically significant differences (P < 0.05). : values without a common letter in the superscripts in the same column differ (P < 0.05). .2 ± 0.5 c centrosomes at the cortex, while rapid meiotic progression in the IVM oocytes was related to loss of these markers, indicating that a global activation of maturation-promoting factor (MPF) occurred in culture. They also found that MPF inactivation resulted in cultured oocytes that exhibited IVO characteristics after drug removal. In our study, a delayed G2/M was apparent in the IVO oocytes compared with oocytes matured in MF, but not when compared with those cultured in MB, and the G2/M in oocytes matured in WF even later than that in the IVO oocytes ( Fig. 2A) . Since Sanfins et al. (2004) cultured oocytes in MEM that contained no HX (data from Gibco catalogue), we hypothesized that serum supplementation had hastened the G2/M in oocytes cultured in MF by neutralizing the inhibitory effect of the trace HX on GVBD, but that this amount of serum would not be enough to neutralize the high level of HX contained in the WF medium. In fact, our unpublished data have shown a neutralizing effect of serum on the HX action in maintaining the meiotic arrest of goat oocytes. In this study, 55% of the IVO oocytes underwent GVBD and reached pMI or MI stage at 3 h post HCG injection. By 7 h post HCG, 93% of the oocytes developed to MI stage, and by 11 and 15 h, 83 and 94% of the oocytes extruded first polar bodies, respectively. This meiotic progression of IVO mouse oocytes was similar to those reported by Edwards and Gates (1959) , Polanski (1986) in the KE strain and Ducibella et al. (1990b) in CD1 strain of mice. In our study, 75% of the IVO oocytes completed CG migration to the cortex (entered stage II of CG distribution) at 3 h post HCG and, by 7 h, 60% of them showed well-formed CGFD (stage IV). At 11 and 15 h post HCG administration, 83 and 95% of the IVO oocytes formed the second CGFD (stage VI), respectively. This tempo of CG redistribution was roughly the same as that observed by Ducibella et al. (1990b) , but in their study, all the oocytes had completed CG migration by 3 h after HCG injection. The delayed CG migration in some (25%) of our oocytes could be due to the use of some smaller oocytes (70 μm in diameter) compared with those used by Ducibella and colleagues in their study (75-80 μm) . Liu et al. (2003) observed both lectin LCA/antibody ABL 2 -and LCA-binding CGs throughout the cytoplasm of the 70 μm mouse oocytes. Ducibella et al. (1990a) also noticed that oocytes, which had matured in vitro for 3 h and had undergone GVBD, possessed a number of CGs in the cortex significantly greater than that of GV-intact oocytes. However, Ducibella et al. (1990a) reported that temporal changes in CG distribution during oocyte maturation in vitro were similar to those observed during maturation in vivo in CD-1 and CF-1 mice (Ducibella et al., 1990b) . Polanski (1997) also found that the rate of meiotic maturation in vitro fitted well to that of maturation in vivo in oocytes of both CBA and KE strain mice (Polanski, 1986) .
The discrepancy between our results and those from the previous studies might have arisen from the following two facts. First, while we systematically compared oocyte IVO and IVM in the same study, they studied them in different papers. Secondly, the different mouse strains and the different culture systems used for oocyte IVM in these studies could produce different results. Ducibella et al. (1990a) cultured oocytes in modified Whitten's medium in an atmosphere of 5% CO 2 in air, while Polanski (1997) cultured oocytes in M2 in air. In our study, culture media had marked effects on both nuclear progression and CG redistribution of IVM oocytes, while van de Sandt et al. (1990) found that the culture media used significantly affect subsequent embryonic development. It would be interesting to study whether oocytes from different strains of mice respond differently to the same culture medium and vice versa.
Previous investigations showed that migration of CGs to the cortex was a continuous process in the mouse (Liu et al., 2003; . In contrast, CG migration occurred only in the periovulatory period or right after GVBD in porcine (Cran and Cheng, 1985; Sun et al., 2001) and in sea urchin (Berg and Wessel, 1997; Wessel et al., 2002) oocytes. In the latter two species, CG migration was also blocked when GVBD of meiotically competent oocytes was inhibited by CHX (porcine, Sun et al., 2001) or by dibutyryl cAMP (sea urchin, Wessel et al., 2002) . In the mouse oocytes, however, although the formation of the first CGFD has been found to require GVBD [since it was prevented by dibutyryl cAMP (Ducibella et al., 1990a) ], it is not known whether CG migration during meiotic maturation of full-size oocytes is GVBDdependent.
In this study, we examined CG migration after GVBD was blocked with HX. The reason we choose HX was that this drug had not been used to block GVBD in studies of CG migration. When full-size mouse oocytes were cultured in TCM-199 supplemented with 4 mM HX, 100% of them were blocked at the GV stage up to 15 h of culture. Accordingly, the number of oocytes with stage I CG distribution did not decrease after 3 h of HX culture, and while all the oocytes in normal culture had completed CG cortical localization before 7 h of culture, >30% of the HX treated oocytes still had CGs in the inner cytoplasm by 15 h of culture. No CGFD was observed in the HX blocked oocytes up to 15 h of culture.
Although we do not know whether HX itself or its block of GVBD postponed CG migration and prevented the formation of CGFD, other results from the present study suggested that GVBD promoted CG cortical localization. First, oocytes that showed a quicker GVBD (such as those cultured in MF) also underwent a faster CG migration towards the cortex ( Fig. 2A  and B) . Secondly, CHX facilitated both GVBD and CG migration. Thirdly, when oocytes were cultured in media supplemented with trace amount of HX (WF and MFHX), both GVBD and CG cortical migration slowed. However, since HX inactivated mitogen-activated protein kinase (MAPK) as well as MPF (Fan et al., 2004) and MAPK was required for cortical reorganization (Deng et al., 2005 ; also see below), it is possible that HX postponed CG migration and prevented the CGFD formation by inactivating MAPK.
As the GV broke down, CGs underwent significant changes in their cortical location, leading to the formation of the first CGFD (Ducibella et al., 1990a,b; Liu et al., 2003) . By analysing the relationship between meiotic progression and timing of CG redistribution, we showed that the MI stage began 1 h earlier than the initiation of the CGFD formation (stage III) during both IVO and IVM. This suggested that the MI spindle had induced the formation of CGFD, in agreement with others who have shown that a microfilament- (Wassarman et al., 1976) and formin-2-dependent (Leader et al., 2002) spindle translocation resulted in CG redistribution and consequent formation of CGFD. Furthermore, some findings suggested that chromosomes alone or in association with other cellular components induced cortical reorganization (Van Blerkom and Bell, 1986; Connors et al., 1998; Deng et al., 2003) . Early studies using transmission electron microscopy showed that CG exocytosis occurred during the MI to MII transition (Okada et al., 1986; . It was found recently that a conversion of ZP2 to ZP2 f took place during this transition (Ducibella et al., 1990a; Deng et al., 2003) . Although these data suggested that the formation of CGFD was likely due to chromatin-induced CG exocytosis, Deng et al. (2003) found that the formation of this domain in MI oocytes was not inhibited in the presence of BAPTA, a Ca 2+ chelator that prevents CG exocytosis. Liu et al. (2003) showed that the first CGFD had formed prior to CG exocytosis during MI to MII transition, and that this exocytosis took place during polar body extrusion and only in the cleavage furrow. Results of these experiments suggest that CG redistribution is the dominant factor in formation of the first CGFD.
We used CHX to block mouse oocytes because it allowed GVBD but inhibited the extrusion of first polar bodies in this species (Gao et al., 1997; our unpublished data) . This would allow the exposure of chromatin but prevent the late events of nuclear maturation, giving us the opportunity to study the effect of chromatin on CG redistribution. In addition, the effect of CHX on CG migration of mouse oocytes has not been reported. The present results showed that CHX facilitated both GVBD and CG migration but that it inhibited the formation of CGFD. We also found in this study that chromosomes moved away from the cortex with time after CHX treatment, and most of the CHX-treated oocytes had chromatin a distance away from the cortex after 3 h of culture. It is therefore suggested that CHX might have inhibited the formation of CGFD by disrupting the anchorage of the MI spindle in the cortex. Deng et al. (2005) have shown that MAPK was required for cortical reorganization, and MAPK may promote the changes in cortical actin dynamics by phosphorylating myosin light chain kinase (MLCK). Liu and Yang (1999) showed that CHX inactivated MAPK in activated bovine oocytes, but they observed a much longer interval between inactivation of MPF and inactivation of MAPK in oocytes treated with CHX than that in the 6-DMAP treated group. Zernicka-Goetz et al. (1997) showed that protein synthesis was required to activate MAPK but not MPF. Although these findings might help to explain why CHX inhibited the formation of CGFD after it had facilitated GVBD and CG migration, the mechanism by which CHX accelerates GVBD and CG migration remains unknown.
We found in this study that mouse oocytes matured under different conditions differed in their ability to release CGs upon activation. The rank order in the competence to completely release CGs among different oocytes was oocytes matured in vivo > in WF > in MF > in MB. Early studies have shown that GV-intact fully-grown mouse oocytes do not undergo CG exocytosis in response to A23187 treatment, whereas MII-arrested eggs do (Ducibella et al., 1990a (Ducibella et al., ,b, 1993 . Competence of mouse oocytes to undergo CG exocytosis developed in two phases: the ability to undergo localized CG release increased between the GV and MI stages, whereas the mechanism of propagating a normal wave of global CG loss from the site of sperm entry developed between MI and MII . Therefore, the low competence of our IVM oocytes to undergo FCE might represent a kind of cytoplasmic immaturity. In pigs, Cran and Cheng (1986) have demonstrated an incomplete and delayed CG exocytosis in IVM oocytes compared with IVO oocytes. However, Wang et al. (1998) did not find differences in the ability to release CGs after sperm penetration between ovulated and IVM porcine oocytes. We showed that conditions of activation influenced the completeness of CG release, with the efficiency of in vivo fertilization > in vitro fertilization > pulsing > ethanol. Wang et al. (1997) also reported that in vivo fertilization, electrical pulse and ionophore induced complete CG exocytosis in 45, 25 and 10% of porcine oocytes, respectively. Furthermore, in this study, the difference in the ability to completely release CGs between IVO and IVM oocytes was less significant after in vitro fertilization than after ethanol or pulsing treatments.
Because both nuclear maturation and CG distribution of IVM mouse oocytes had reached the state of ovulated oocytes after 14-15 h of IVM culture in this study and no difference in CG distribution was found between IVM and ovulated oocytes in pigs (Wang et al., 1998) and goats (Velilla et al., 2004) , the low competence of IVM oocytes to release CGs cannot be attributed to an improper distribution of CGs, but rather might be due to a lack of well established mechanisms of CG exocytosis. Several studies have demonstrated deficient CG release mechanisms in GV stage or improperly matured oocytes (Ducibella et al., 1988b (Ducibella et al., , 1993 Damiani et al., 1996; Abbott et al., 1999 Abbott et al., , 2001 . Besides, an imbalanced co-ordination of nuclear and cytoplasmic maturation was observed in the IVM mouse oocytes (Eppig, 1996; Sanfins et al., 2004) .
A premature CG-exocytosis prior to fertilization was reported in early studies and was suggested to be responsible for the enlargement of perivitelline space and for altering the properties of the zona pellucida (Okada et al., 1986 (Okada et al., , 1993 . Xu et al. (1997) found that MII mouse oocytes initiated activation events including CG exocytosis and zona hardening 16-22 h post HCG. The present result demonstrated that both partial CG exocytosis and zona hardening occurred in aged mouse oocytes collected 18 h post HCG or 20 h of IVM culture, but that their extent varied with the conditions under which oocytes had been matured-with significantly more oocytes matured in MF and WF undergoing PCE than matured in vivo and in MB. Since both MF and WF contained FCS and oocytes matured in these two media also showed a stronger ability to release CGs upon activation, the presence of serum in maturation media appeared to have facilitated CG exocytosis during both aging and activation. Although oocytes matured in MB showed a less marked PCE, their ZP hardening was much more severe and occurred much earlier in comparison with the oocytes matured in MF and WF. The inhibitory effect of serum on the ZP modification has been reported in several papers (Downs et al., 1986; Ducibella et al., 1990a; Schroeder et al., 1990) . Therefore, while serum in the maturation media facilitates CG exocytosis, it inhibits the conversion of ZP 2 to ZP 2f .
In summary, CGs behaved differently in mouse oocytes matured under different conditions, indicating that cytoplasmic maturity was not fully achieved in the IVM oocytes. It also demonstrates the feasibility of obtaining better oocytes by improving oocyte culture systems. Using CG behaviour as a marker for oocyte quality should help to understand oocyte maturation mechanisms and give guidance to new protocols for IVM. In further optimization of IVM conditions, however, it will be essential to study the potential interactions between mouse strains and culture media, those between serum and HX (also CHX and other meiotic blockers), and mechanisms by which HX and CHX regulate CG redistribution.
